Abstract : Ductility is important in the design of reinforced concrete structures. In seismic design of reinforced concrete members, it is necessary to allow for relatively large ductility so that the seismic energy is absorbed to avoid shear failure or significant degradation of strength even after yielding of reinforcing steels in the concrete member occurs. Therefore, prediction of the ductility should be as accurate as possible. The principal aim of this paper is to present the basic data for the ductility evaluation of reinforced high-strength concrete beams. Accordingly, 23 flexural tests were conducted on full-scale structural concrete beam specimens having concrete compressive strength of 40, 60, and 70 MPa. The test results were then reviewed in terms of flexural capacity and ductility. The effect of concrete compressive strength, web reinforcement ratio, tension steel ratio, and shear span to beam depth ratio on ductility were investigated experimentally.
Introduction
The current practice of structural member design recommends low tension steel ratio in order to ensure adequate ductility of the construction structure so that the necessary warning can be given prior to the failure of the member. Especially, the ductile failure mode is essential for the appropriate redistribution of the moment of earthquake-proof and statistically indeterminate structures. Thus, an experimental investigation to establish the relationship between the ductility and the flexural behavior of high-strength steel-concrete beam members with brittle failure tendency is required to ensure the necessary ductility.
Although this requirement can be met easily by lowering the tension steel ratio in order to ensure the ductility of the highstrength concrete members, there is a difficulty in obtaining the ultimate flexural strength. 1 Moreover, it can result in an uneconomical design by relatively enlarging the cross section of the structural member. Thus, this study aims to delineate the relationship between the flexural behavior and the ductility of the member by carrying out a flexural load test on a test specimen with experimental variables of concrete compressive strength, tension steel ratio, etc. in order to investigate the flexural behavior of the high-strength concrete.
Experiment

Experimental plan
The overall details and specifications of the beam specimens and the reinforcing steel bars, which were prepared to investigate the ductility of high-strength concrete, are shown in Table 1 and Fig. 1 . Since the force equilibrium equation can always be set up for the cross section of the beam member, the variables were selected based on the concept of equilibrium ratio so that the same ratio can be applied to both the tension steel ratio and equilibrium steel bar ratio including concrete compressive strength and the yield strength of the rebar. Thus, the equilibrium steel bar ratio of existing design standard, 0.75 ρ b , and Leslie's 0.35 ρ b , were set the standard with other equilibrium steel bar ratios of 1.0 ρ b , 0.7 ρ b , 0.5 ρ b , and 0.3 ρ b to be considered in this study. Here, the equilibrium steel bar ratio, ρ b , was computed by the specification set forth by ACI-318 code, which is the current design equation. Twopoint loading was applied to derive a pure flexural stress zone. Additionally, the shear span to beam depth ratios varied by 2.5, 3.2, and 4.0, and the shear span was reinforced by closed stirrups to avoid shear fracture. The concrete compressive strengths of the test specimens varied by 40, 60 and 70 MPa. Table 2 shows the concrete mixing proportion for the test specimens with experimentally planned compressive strengths of 40, 60, and 70 MPa to be used in the ductility evaluation of the highstrength concrete structural member.
Test specimen preparation and materials test
Materials and test specimen preparation
ASTM type 1 ordinary Portland cement manufactured by domestic S company was used. The fine and coarse aggregate were obtained from the sand at the Nakdong river of average fineness modulus of 2.94 and macadam (coarse aggregate) of average fine-
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ness modulus of 7.06, respectively. The silica hume replaced the cement by 10% in order to produce high-strength concrete. D10 rebars were mainly used as transverse reinforcing steel bars (stirrup), and SD40 (D10, D13, D19, and D22) were used as the main rebars. These rebars were placed in the test specimens by various tension steel ratios as specified in the experimental plan.
Tensile strength of rebar
As aforementioned, the rebars used in the test specimen were SBD40 (D10, D13, D19, and D22), and they were subjected to tensile strength test in accordance with the standard metal tensile strength test method. Table 3 and Table 4 show the mechanical properties of the rebar and the result of the strength tests on the test specimens, respectively.
Strength property of concrete
As the high-strength specimens were being prepared, compressive and splitting tensile test specimens of Φ100 × 200 mm size dimension, flexural test specimen of 150 × 150 × 550 mmsize, and bond strength test specimen of 150 × 150 × 150 mmsize were prepared as well. They were cured together with the test specimen under the same condition and were subjected to various strength tests at 28 days pursuant to KSF 2305, KSF 2423, KSF 2408, and ASTM, respectively.
Both ends of the test specimen were capped with sulfur to distribute the load more evenly and to minimize the eccentricity during the compressive strength test. The measured compressive strength was multiplied by 0.97, the value of calibration coeffi- cient, to convert it appropriate for the standard test specimen of Φ150 × 300 mm dimension. The elasticity of modulus was measured pursuant to KSF 2438 and ASTM C 469-65. The bond strength was measured by a UTM (Universal Test Machine) and load cell of 100tonf capacity on the test specimen with D22 steel bar of 15cm depth embedded in it to control the loading and to measure the load. The slip was measured by a dial gauge of 1/1,000 mm accuracy during the bond strength test. The strength test results are summarized in Table 4 below.
Experimental method
The loading test was conducted using a loading frame for structural experiment, and the load was measured by a load cell of 1,000 kN.
The load was applied through a loading device of H150 × 150 × 7 × 10 mm dimension while maintaining the platen-toplaten distance of 300 mm as illustrated in Fig. 2 . As the load is applied, three LVDT's, which were installed at the center and 200 mm away on the left and right side of the center, measured the deflection of the beam specimen. Additionally, the compressive strain of the concrete at the flexural region, the strain on the tension steel, and the stirrup strain at the location of the distance d (the effective height of the beam) away from the shear-risk region were measured. The strains of the main tension steel and stirrup were measured by strain gauges. Three LVDT's were installed centering on the beam center and 2d (twice the effective height of the beam) distance away from the center to measure the strains at the upper and lower part of the concrete in flexural region and the curvature and rotation in the plastic hinge region. While the experiment was in progress, the crack patterns by each loading stage were directly traced on the beam.
Experimental result
Load-deflection relationship
The principal objective of this experiment is to observe and quantify the change in the flexural strength and ductility in response to the experimental variables of tension steel ratio, shear span ratio, etc. for the beam member of high-strength concrete. Accordingly, reinforcing rebars against flexure and shear were installed in all test specimens in accordance with the actual design standards.
The experimental result revealed that all test specimens reached or exceeded the expected flexural strength, and the experimental results for each test specimen are summarized by the loading step in Table 5 .
In table 5, P cr indicates the applied load during initial flexural crack, and the yield state represents the behavior of the member at the yield state (yield load P y , deflection during the yield state δ y , and maximum compressive strain on the concrete ε cy ). Here, the yield state of the member was defined by 75% secant method, which used the secant line connecting the origin of the loaddeflection curve and 75% maximum load, to express the load and displacement at the yield state point. P sy represents the load value at the tension steel yield point.
The maximum state represents the load (P max ), deflection (δ max ), and maximum compressive strain on the concrete ε cmax ) at the maximum loading point. Ultimate state means the behavior of the beam member specimen after the maximum loading, and the ultimate load and displacement at 90% and 80% of the maximum loading are symbolized as P u1 , δ u1 and P u2 , δ u2 , respectively. ε cu represents maximum compressive strain on the concrete after ε cmax and until the failure of the member. It can be expressed as the ultimate strain on the concrete beam member at the compressive side subjected to flexural force of 0.003, which is the maximum compressive strain on the concrete often used in the design and analysis of flexural member. The result of load-deflection experiment is discussed at length in section 3.
Crack propagation pattern of the specimen under maximum load
Typical crack occurrence/propagation and failure pattern are shown in Fig. 3 . As the shear span is shorter and the tension steel ratio is lower, the neutral axis at the pure bending zone ascended almost to the lower end of the compression zone, as shown by the crack propagation just prior to the failure of the test specimen. Additionally, when the specimen member possesses greater concrete compressive strength or greater amount of tension steel, its crack showed a pattern of narrower and complex crack as well as wider failure area on the compressive side. At the flexural shear region, the main crack propagated vertically regardless of the tension steel ratio. As the tension steel ratio increased, diagonal tension crack occurred suddenly in wider area. In addition, as the shear distance interval is shorter and the tension steel ratio is greater, the depth of the crack propagation at the flexural shear area was deeper than simple flexural area. Nonetheless, further propagation of diagonal crack did not occur due to the stirrup reinforcement. Although most specimen members showed a pattern of flexural compression failure, those test specimens (4B3-0.05, 4B3-0.1, and 7B3-0.05), which were designed with minimum steel content ratio, had their several (3~6) main cracks occur at a uniform interval. How- ever, the cracks did not lead to the failure until the cracking reached the very end of the compression zone. Instead, those specimens showed a pattern of flexural tension failure, manifested by excessive cracking at the tensile side and subsequent failure.
3. Analysis of the experimental result and investigation of the ductility of high-strength concrete beams 3.1 Prediction equation for flexural strength of a concrete member by the ACI-318 code and verification of the stress distribution model Table 6 shows the comparison among the experimental results of this study and the prediction results from the prediction equation for the flexural strength by ACI-318 code and the prediction by stress distribution model as proposed by Ibrahim, et. al 2) . and Jang, I. Y., et. al.
3) Fig. 6 shows the accuracy of ACI bending strength computational equation by various tensile reinforcement ratios (ρ t / ρ b ).
As shown in the comparison result, there was no noticeable change or difference by the stress block pattern for all steel beams across under-and excessive tension steel ratios. Fig. 4 shows that the safety of high-strength concrete beam was reduced with the increases in concrete compressive strength and tension steel ratio according to the equivalent rectangular model of ACI-318. However, at the range of ρ t / ρ b ≤ 1.0, the bending strength of highstrength concrete beam is predicted in the safe side overall. Thus, it is deemed that the ACI-318 computational equation for flexural 2) and trapezoid model of Jang I. Y., et. al.
3) are evaluated to be on the safer side than the predicted values from ACI-318 equation. Moreover, the deviation of the predicted values was relatively stable.
Flexural ductility
Examination of ductility index computation methods
It is not easy to clearly define the yield point from load-displacement relationship due to the following points. The time to reach the yield state by the loading stage varies with the nonlinear behavior of the materials and the location of each steel reinforcement at the cross section of the member, and the location of plastic hinge occurrence due to the load increase differs from the overall perspective of the member. This study selected the computational method shown in Fig. 5(a) , which is one of many existing methods of defining yield displacement. The computational method illustrated in Fig. 5(a) is an effective way of expressing the reduced stiffness of entire member due to cracking when the member reaches the boundary of elasticity. It is deemed to be the most realistic method of computing the yield displacement of steel concrete structures.
Additionally, the computational method illustrated in Fig .5(b) is deemed the most realistic and rational way of defining the ultimate displacement, i.e. the point of failure of steel concrete member as used in many studies. It defines the ultimate displacement at the point of 80% of the maximum load after reaching the load peak.
Comparison of the flexural ductility behavior by the experimental variables
(1) Influence of concrete compressive strength and tensile reinforcement ratio
The ductile behaviors of high-strength concrete beam members with various concrete compressive strengths (40, 60, 70 MPa) and tensile reinforcement ratios are compared in Fig. 8~10 based on the results of this research. As seen in Fig. 6 , when the tensile reinforcement ratio is the same, the load-deflection behavior prior to the yield of tensile reinforcement hardly change with the change in compressive strength, but it varies greatly after the yield. The increase in deflection varies proportionally with the load increase. Thus, the general trend of increasing ductility with the increase in concrete strength is observed. The bending strength increased by about 20% as the compressive strength increased from 40 MPa to 60 MPa regardless of a/d ratio. However, it remained almost the same when the test specimen of 60 MPa was compared with the specimen of 70 MPa. Thus, it was verified that high-strength concretes was effective in improving the ductility of the member, given the same tensile reinforcement ratio, as shown in Fig. 7 , without the negative effect of lowered bearing capacity against bending force due to lowered ρ t / ρ b . Fig. 8 shows typical ductility reduction of a flexural member owing to the increase in ρ t /ρ b . The increase in concrete compressive strength under the same condition also results in the increase in stiffness and bending (flexural) strength due to the increase in tensile reinforcement. However, the rapid decrease in bearing capacity after the maximum strength makes the increase in the ductility of the member difficult or can cause even the tendency for reduced ductility.
(2) Influence of shear span to beam depth ratio The moment-curvature behavior of the cross section can not Table 6 Test result of specimens. evaluate the ductility. Generally, the increase in a/d changes the behavior of the member from shear to flexure and increases the ductility of the member. As seen from the experimental result of ρ t / ρ b = 0.5 in Fig. 9 , the strength and initial stiffness increase greatly as a/d decreases. However, the flexural failure of the concrete member with shorter a/d on the compressive side occurs rapidly, showing that the concrete beam member becomes more brittle after the maximum loading for the member with shorter a/d. Additionally, the bearing capacity to flexural force decreases rapidly after the maximum loading as the concrete compressive strength increases, given the same a/d condition.
The experimental result on the deflection ductility of the mem- ber showed that there was no rapid increase in ductility along with the increase in a/d. On the contrary, the ductility decreased along with the increase in a/d for the member of f c = 71 MPa. It is thus construed that the influence of a/d on the ductility of the member is not so great as the concrete compressive strength and the reinforcement ratio. Nevertheless, it is affirmed as shown in Fig. 10 that the ductility increases with the increase in a/d, given the condition of the same concrete compressive strength and tensile reinforcement ratio.
(3) Influence of web reinforcement ratio Pastor et. al. 4) reported in their experimental investigation of doubly reinforced beam of about 60 MPa compressive strength that the deflection ductility can be greatly enhanced by the installation of compression bars or reinforcing bars in the flexural zone compared to the use of single reinforcement. Moreover, they reported that the compression bar was more effective in enhancing the deflection ductility compared to flexural rebars. Figure 11 shows the change in flexural strength and ductility by the use of compression bars. In general, the increase in stiffness or flexural strength owing to the use of compression bars was not so noticeable, and a rapid reduction in load capacity due to the ductility increase (caused by the increased use of compression bars) and failure of the concrete in the compressive side after the maximum load was clearly observed in the experimental specimen of 40 MPa compressive strength (4B4-0.7). Although the ductility of the test specimen of 70 MPa compression strength (7B4-0.7) increased, a rapid reduction in load capacity was observed despite of the compression bars due to the increased brittle failure in the compressive side (caused by the increase in compressive strength of the concrete).
Since it was not sufficient to investigate the flexural (bending) strength (measured by deflection) and ductility of the doubly reinforced beam with the data of this experiment alone, previous experimental data of Pastor et. al. 4 and Jang, et. al. 3 as summarized in Table 7 were analyzed, and the analysis result is depicted in figure 11. Figure 12 shows the ductility and flexural strength increase with compression bar index (ρ c f cy / f c ) for doubly reinforced beams and beams of single reinforcement (compression bar ratio of ρ c = 0). Figure 12 (a) shows the ductility is greatly enhanced as the compression bar index increases compared to the beam of single rein- 
the yield of the member increases by 2~8% compared to the beam of single reinforcement as the compression bar index increases. Thus, the compression bars has the role of enhancing the ductility of a concrete member after the yield of the member by improving the redistribution of the plastic moment in the plasticity range to a certain extent based on the experimental findings. This observation signifies that the increase in flexural strength to induce a flexural plastic hinge in the beam member should be based on the increase in the quantity of compression bars in anti-seismic design of the joint between concrete beam and column.
Conclusions
The following conclusions are derived from this experimental study.
1) Although the equivalent rectangular model of ACI-318 code resulted in reduced safety due to the increases in concrete compressive strength and tensile reinforcement ratio, it was verified that it generally predicted the flexural (bending) strength of a highstrength concrete beam in the relatively safe (conservative) side at the range of ρ t / ρ b ≤ 1.0.
2) It is more realistic and reasonable to define the yield displacement of the high-strength concrete member for the computation of its ductility index at the point of yield displacement from equivalent elasticity-plasticity relationship of secant elastic stiffness to 75% of the maximum load and as the ultimate displacement at the point of 80% of the maximum load after the maximum (peak) load.
3) The degree of influence of the variables on the ductility of high-strength concrete beam member was ranked to be tensile reinforcement ratio, compression bar ratio, transverse reinforcement ratio at the transverse compressive side, shear span ratio, and concrete compressive strength in descending order. Additionally, the flexural (bending) strength of high-strength concrete beam member could be predicted by the tensile reinforcement ratio, compression bar ratio, and concrete compressive strength in the descending order of importance.
